have been synthesised and the x-ray crystal structures of 1·1.3H 2 O·0.6CH 3 OH and 2·CH 3 OH·0.5H 2 O determined. The complex adopts a typical pseudooctahedral 'piano-stool' geometry, with Ru(II) π-bonded to the p-cymene ring and σ-bonded to a chloride and two oxygen atoms of the chelated fluoroquinolone ligand. The complex is highly cytotoxic in the low μM range and is as potent as the clinical drug cisplatin against the human cancer cell lines A2780, A549, HCT116, and PC3. It is also highly cytotoxic against cisplatin-and oxaliplatin-resistant cell lines suggesting a different mechanism of action. The complex also retained low μM cytotoxicity against the human colon cancer cell line HCT116p53 in which the tumour suppressor p53 had been knocked out, suggesting that the potent antiproliferative properties associated with this complex are independent of the status of p53 (in contrast to cisplatin). The complex also retained moderate anti-bacterial activity in two Escherichia coli, a laboratory strain and a clinical isolate resistant to first, second and third generation β-lactam antibiotics.
Introduction
The rational design and development of innovative anti-cancer platinum drug candidates to overcome dose-limiting toxic side effects and resistance associated with drugs in clinical use have produced a wide range of possible chemotherapeutics. However, in the 50 or so years since the discovery of the anti-cancer properties of cisplatin, it is surprising that none to date has been as successful as cisplatin and its analogues carboplatin or oxaliplatin. Recent advances in this field have included the exploitation of various Pt drug delivery vehicles [1] and the incorporation of metals other than Pt. In the latter regard, ruthenium compounds have demonstrated much promise with three Ru(III) complexes, NAMI-A (imidazolium trans-[tetrachloro(dimethylsulfoxide)(1H-imidazole)ruthenate(III)]) [2, 3] , KP1019 (indazolium trans-[tetrachlorobis(1H-indazole)-ruthenate(III)]) [4] [5] [6] and NKP-1339, the sodium salt analogue of KP1019 [4] , all undergoing clinical trials, Fig. 1 . Ruthenium(III) complexes tend to be less toxic, and may mimic the behaviour of iron in the body, taking advantage of transferrin-mediated delivery to cancer cells. Ruthenium(III) complexes may also act as prodrugs, being reduced to and exerting their biological effect as Ru(II) in the more reducing environment of tumour cells.
Half-sandwich Ru(II)-arene complexes provide a versatile platform for the design of anti-cancer complexes. For example, these complexes can be rationally designed such that they incorporate various biologically-relevant ligands or substituents, or ligands that serve to enhance the physicochemical properties of the complex, thus potentially leading to innovative multi-functional drug candidates. One property of potential value in the setting of cancer is anti-bacterial activity, given the weakened ability of patients with cancer to fight infection. A multitude of Ru-arene-type complexes with promising anti-cancer activity have been developed several of which target the nucleobases of DNA, for example, [(Ru-p-cymene)(ethylenediamine)Cl]PF 6 (RAED-C, Fig. 1 ), which is as cytotoxic as cisplatin [7] [8] [9] . The structurally-related anti-metastatic and anti-angiogenic agent [(Ru-p-cymene)(1,3,5-triaza-7-phosphaadamantane)Cl 2 ] (RAPTA-C, Fig. 1 ), in contrast, accumulates on cellular chromatin forming adducts with core nucleosomal histone proteins [9] .
Ruthenium(II) arene complexes incorporating clinical drugs such as ethacrynic acid (a gluthathione-S-transferase inhibitor) [10] , tamoxifen (a selective oestrogen receptor modulator) [11] and staurosporine (a protein kinase inhibitor) [12] have been reported. Potential antibacterial ligands include quinolones which inhibit bacterial DNA gyrase and topoisomerase IV, enzymes that maintain the integrity of supercoiled DNA during DNA replication and transcription. However, their crossreactivity with human class II topoisomerases has highlighted their potential as anti-cancer agents [13] . The crystal structure of a topoisomerase-DNA-quinolone (moxifloxacin) derivative provides evidence that the quinolone can bind the Mg 2+ ion through O,O′-bidentate coordination with the remaining coordination sites occupied by aqua ligands which in turn form hydrogen bonds with DNA nucleobases [14] . Turel et al. have conjugated quinolones (ofloxacin [15] , nalidixic acid [16] and cinoxacin [16] ) to the Ru-arene framework with the Ru(II) π-bonded to a p-cymene (p-cym) ring and σ-bonded to the two oxygen atoms of the chelated quinolone with the remaining site occupied by a chloride ligand. All three complexes, upon hydrolysis, rapidly and selectively form adducts with guanosine 5′-monophosphate via coordination to N7, thus providing preliminary evidence that DNA may be a potential target. It has also been suggested that electrostatic interactions and hydrogen bonding may initially play a role in DNA recognition prior to guanosine 5′-monophosphate binding. Of the three complexes, only the ofloxacin derivative demonstrated in vitro cytotoxicity and in only one of the cell lines tested (CH1 with IC 50 of 18 ± 7 μM) [16] . Fluoroquinolones are attractive for incorporation into metallodrugs with anti-bacterial properties since they possess a much broader spectrum of anti-bacterial activity as well as an enhanced pharmacokinetic profile when compared to quinolones. The antibiotic ciprofloxacin (Cip), a second generation orally or parentally administered fluoroquinolone, was the drug of choice to treat victims infected by anthrax in 2001 [17] . Structural optimisation of this lead drug molecule has led to derivatives with broad spectrum activities and minimal toxic side effects [18] . Metal complexes of Cip such as those of Co, Zn, Cd, Ni and Cu have also been investigated as an alternative strategy to optimise its therapeutic potential [19, 20] . These complexes, in which Cip is bound via O,O′-bidentate coordination, have comparable anti-bacterial activity against several bacteria when compared to Cip itself. Interestingly, the complexes, in contrast to the ligand, are more bactericidal against stationary bacteria, a property which may be attractive for the treatment of chronic or device-related infections (e.g. catheter infections) which involve slowly metabolising bacteria in biofilm mode [21] . Vieira et al. recently reported a Pt-Cip derivative in which the antibiotic is complexed via piperazine N,N′-coordination. A positive correlation between lipophilicity, in vitro anti-tumour activity and rate of drug uptake was observed [22] . Furthermore, Azema et al. reported a structure activity study of 31 Cip derivatives investigating the correlation between lipophilicity and anti-tumour activity, with two lead candidates being identified, both demonstrating enhanced in vitro cytotoxicity in the low μM range against a panel of tumour cell lines as compared to the parent Cip [23] . Of the two, the 7-(4-(decanoyl)piperazin-1-yl) derivative CipA, Fig. 2 , was most potent. These derivatives, particularly CipA, have IC 50 values in the low μM range (3-7 μM in 4 cell lines tested), but were also non-toxic in an in vivo xenograft mouse model. While Cip is reported to have anti-proliferative and anti-cancer effects itself, harnessing its antibacterial activity in the cancer setting where significant infection risks are present due to immunosuppression, may augment its therapeutic effects. In the present work we attempt to combine into one drug molecule the anti-cancer properties of Ru-arene derivatives with the potent antibacterial and anti-cancer properties of CipA, with a view to generating novel multi-functional therapeutic agents to combat cancer.
Ruthenium(II) might bind to Cip ligands via O,O′-or N,N′-coordination. There is an example of a Ru(II)-piperazine complex in the literature with Ru(II) bound via N,N′-coordination, i.e. trans-dichloropiperazine-bis(ether-phosphine)ruthenium(II) [24] , and another, [(η 6 -p-cym)RuCl 2 (CH 3 NH(CH 2 ) 4 NH)]PF 6 , in which the piperazine is bound via one nitrogen [25] . It therefore seemed possible that we could selectively and readily bind the 7-(4-(decanoyl)piperazin-1-yl) derivative of Cip to Ru(II) via O,O′-coordination given that N4 of the piperazine ring is no longer free to coordinate.
Our rationale was that the complex, upon tumour cell entry, might release CipA which can inhibit topoisomerases and/or bind DNA with the concomitant release of the Ru-arene framework free also to bind DNA. Release of chelating O,O′-ligands from Ru(II)-arene frameworks has been reported in the literature [26] . Herein, we report the synthesis and characterisation of CipA and Ru(η 6 -p-cym)(CipA -H )Cl, including their X-ray crystal structures, as well as their anti-cancer and antibacterial properties. F NMR spectra were recorded using a Bruker DPX 400 spectrometer (at room temperature; 400 MHz, 101 MHz and 376 MHz, respectively). Coupling constants (J) are quoted in Hz. The splitting of the proton resonances is labelled as s = singlet, d = doublet, t = triplet, sept = septet, and m = multiplet. Chemical shifts (δ) are quoted in parts per million using residual protons in the indicated solvents as internal standards. All NMR data processing was carried out using MestReNova, version 6.0.2-5475. Infrared spectra were recorded on a Bruker Tensor 27 spectrometer with KBr as a standard. IR spectra were analysed using OPUS, version 5.0, with peak positions (ν) in cm −1
. Mass spectrometry was carried out with an Advion Expression Compact Mass Spectrometer: 10 μL of the samples was injected in 300 μL of methanol:water:formic acid (90:9:1 v/v). The mass spectrometry data were acquired both in positive and negative ion modes. Microanalyses were carried out at the Department of Chemistry, University College Dublin. Bacteria used for testing were Escherichia coli (E. coli) strain ATCC25922, an antibiotic susceptible laboratory strain and E. coli clinical isolate CL2, isolated from a patient with a urinary tract infection. CL2 is an extended spectrum β-lactamase (ESBL)-producer (resistant to 1st, 2nd and 3rd generation β-lactam antibiotics), belonging to the internationally disseminated pandemic clone 025b:H4-ST-131 E. coli [27] .
Synthesis of CipA (1)
Cip (3 g, 9 mmol) and triethylamine (1.38 mL, 9.9 mmol) were stirred in dichloromethane (120 mL) at 273 K for 30 min. Decanoyl chloride (4.67 mL, 22.5 mmol) was added dropwise. After stirring at 273 K for an additional 45 min and then at room temperature for a further hour, water (100 mL) was added to the mixture. The aqueous layer was extracted with dichloromethane (2 × 50 mL). Combined organics were washed with water (20 mL) and dried over Na 2 SO 4 and concentrated. The remaining residue was triturated in a copious amount of diethyl ether to generate an off-white solid, Fig. 3 
Structure analysis
Crystallographic data for CipA and [Ru(η 6 -p-cym)(CipA -H )Cl] were collected on a Bruker APEX DUO with Mo Kα radiation (λ = 1.54178 and 0.71073 Å) using a MiTeGen micromount and at 100(2) K (Oxford Cobra Cryosystem). Bruker APEX2 [28] software was used to collect and reduce data, determine the space group, solve and refine the structure. Absorption corrections were applied using SADABS [29] . Final   Fig. 3 . Chemical structure of CipA (1). 
. refinements were performed with SHELXL [30] . All non-hydrogen atoms were refined anisotropically. For refinement details see supplementary crystallographic data. See Table 1 for crystal data and structure refinement parameters. CCDC 1429461 and 1429462 contain the supplementary crystallographic data for this paper.
Cell culture
A2780, A549, HCT116, and PC3 cells of ovarian, lung, colon and prostate origin, together with their derived cell lines A2780Cis (cisplatin (CDDP) resistant), HCT116Ox (oxaliplatin (OXA) resistant) and HCT116p53 (p53 knocked out) were obtained from the European Collection of Cell Cultures (ECACC) and grown in Roswell Park Memorial Institute medium (RPMI-1640), Dulbecco's modified Eagle's medium, or McCoy's Modified 5A medium supplemented with 10% v/v of foetal calf serum, 1% v/v of 2 mM glutamine and 1% v/v penicillin/streptomycin. All cells were grown as adherent monolayers at 310 K in a 5% CO 2 humidified atmosphere and passaged at approximately 70-80% confluency.
In vitro growth inhibition assay
Briefly, 96-well plates were used to seed 5000 cells per well. The plates were left to pre-incubate in drug-free medium at 310 K for 48 h before adding different concentrations of the compounds to be tested. A drug exposure period of 24 h was allowed. After this, supernatants were removed by suction and each well was washed with phosphatebuffered saline (PBS). A further 72 h was allowed for the cells to recover in drug-free medium at 310 K. The sulforhodamine B (SRB) assay was used to determine cell viability [31] . IC 50 values, as the concentration which caused 50% of cell death, were determined as duplicates of triplicate in two independent sets of experiments and their standard deviations were calculated. Cells exposed to cisplatin or oxaliplatin as well as untreated cells were used as positive and negative controls respectively.
Cell cycle analysis
A549 lung cancer cells were seeded in a 6-well plate using 1.0 × 10 6 cells per well. They were pre-incubated in drug-free medium at 310 K for 24 h, after which [Ru(η 6 -p-cym)(CipA -H )Cl] was added using equipotent concentrations equal to IC 50 and 2 × IC 50 . After 24 h of drug exposure, supernatants were removed by suction and cells were washed with PBS. Finally, cells were harvested using trypsin. DNA staining was achieved by re-suspending the cell pellets in PBS containing propidium iodide and RNAse A. Cell pellets were re-suspended in PBS before being analysed by flow cytometry using the maximum excitation of propidium iodide-bound DNA at 536 nm, and its emission at 617 nm. Data were processed using Flowjo software. These experiments used untreated cells as negative controls, and cisplatin-exposed cells as positive controls. All experiments were carried out in triplicate. Although only selected histograms are shown, full numerical data and statistical analysis can be found in the Supporting Information.
Induction of apoptosis
Flow cytometry analysis of apoptotic populations was carried out using the Annexin V-FITC Apoptosis Detection Kit (Sigma Aldrich) according to the manufacturer's instructions. Briefly, A549 lung cancer cells were seeded in 6-well plates (1.0 × 10 6 cells per well), preincubated for 24 h in drug-free media at 310 K, after which they were exposed to [Ru(η 6 -p-cym)(CipA -H )Cl] for a further 24 h (equipotent concentrations equal to IC 50 and 2 × IC 50 ). Cells were harvested using trypsin and stained using propidium iodide/Annexin V-FITC. After staining in the dark, cell pellets were analysed in a Becton Dickinson FACScan Flow Cytometer. For positive-apoptosis controls A549 cells were exposed for 2 h to staurosporine (1 μg/mL) or for 24 h to cisplatin. Cells for apoptosis studies were used with no previous fixing procedure as to avoid non-specific binding of the Annexin V-FITC conjugate. Negative controls included untreated cells. These experiments were carried out in triplicate, although only selected dot plots are shown, full numerical data and statistical analysis can be found in the Supporting Information.
Statistical analysis
In all cases, independent two-sample t-tests with unequal variances, Welch's tests, were carried out to establish statistical significance of the variations (p b 0.01 for **, and p b 0.05 for *).
Bactericidal assays
A modification of a previously described method was used [32] . Briefly, bacteria were grown overnight at 310 K on Mueller-Hinton (MH) agar. Suspensions were prepared from isolated colonies to the density of a 0.5 McFarland standard (bioMérieux, Ireland) using a densitometer (Densichek, bioMérieux). The suspension was further diluted 1/10 in MH broth. Tested agents were dissolved in 10% DMSO in 10 mM potassium phosphate buffer (pH 6.8). Assays of 100 μL volumes were prepared in microcentrifuge tubes and contained 0 to 500 μM tested agents, 10% (vol/vol) E. coli (ca. 1.5-10 5 CFU/mL), and 10 mM potassium phosphate buffer, pH 6.8. Assay mixtures were incubated at 310 K and 120 rpm in a shaking incubator (Gallenkamp, United Kingdom) for 1 h and then diluted 1/10 with 0.95% (wt/vol) NaCl. After vortex-mixing for 30 s, 10-100 μL aliquots were spread onto MH agar and incubated overnight at 310 K. Percentage killing activity was calculated from viable counts (CFU/mL) from assays containing tested agents compared to control assays not containing tested agents.
Results and discussion
The synthesis of CipA was carried out following a previously reported procedure with one slight modification [23] . Treatment of commercially available Cip with decanoyl chloride in the presence of triethylamine generated a white solid in good yield and excellent purity. In contrast with the reported method where silica gel chromatography (eluent: CH 2 Cl 2 -MeOH 1-2%) was used to achieve the desired purity of CipA, trituration with diethyl ether served this purpose based on differences in solubilities between CipA and unreacted starting materials. Suitable crystals of CipA for X-ray diffraction analysis were obtained from a methanol solution upon slow evaporation at room temperature. 
Solid state structures
The complex [Ru(η 6 -p-cym)(CipA -H )Cl], Fig. 4 adopts a typical pseudo-octahedral 'piano-stool' geometry, with Ru(II) π-bonded to the p-cymene ring and σ-bonded to a chloride and two oxygen atoms of the chelated fluoroquinolone ligand. When comparing the crystal structure of CipA, Fig. 4 to that of the complex, we can see a slight lengthening of the d(C1-O2) carbonyl bond from 1.213(3) to 1.243(3) Å, indicative of delocalisation, . This is within the same range as previously reported for other similar Ru-cymene complexes [33] . CipA co-crystallised with a water/methanol mixture (one fully occupied water molecule and partially occupied water and methanol molecules). The water forms strong hydrogen bonds with the carbonyl oxygens (d (O3-O 
Anti-proliferative activity
The anti-proliferative activity of Cip, CipA and [Ru(η 6 -pcym)(CipA -H )Cl] towards a variety of human cancer cell lines of ovarian, lung, prostate and colon origin was investigated and compared to that of cisplatin and oxaliplatin which were used as positive controls, -p-cym)(CipA -H )Cl] was highly cytotoxic in all cell lines tested with potencies in the low μM range (0.25 to 6.2 μM), comparable to the activity of cisplatin. The chelating ligand CipA, in contrast, was cytotoxic in A2780 ovarian, A549 lung and PC3 prostate cancer lines, but to a much lesser extent with values ranging between 7 and 15 μM. Cip was inactive in all cell lines tested.
In the A2780 human ovarian cell line, there is an order of magnitude difference in potency between CipA and [Ru(η 6 -p-cym)(CipA -H )Cl]. Interestingly, the ligand CipA loses activity in the cisplatin-resistant cell line A2780Cis with an IC 50 value N50 μM, in stark contrast to the Ru complex which shows a resistance factor of only 1.65 (calculated as the ratio between the IC 50 values in the resistant and IC 50 in the parental line). It has been proposed that the underlying resistance associated with A2780Cis involves a two-fold more efficient efflux and a consequent reduction in cellular accumulation as compared to the parental A2780 as well as an increase in DNA-repair mechanisms [34] . The mechanism of action of [Ru(η 6 -p-cym)(CipA -H )Cl] must therefore differ from cisplatin given that it demonstrates low μM cytotoxicity in both the cisplatin-sensitive and -resistant A2780 cell lines. Another striking result is observed for the HCT116 colon cancer cell line. Cip and CipA are inactive, with IC 50 values N100 μM, while [Ru(η 6 -p-cym)(CipA -H )Cl] has an IC 50 of 1.33 ± 0.07 μM in the parental cell line and 1.93 ± 0.03 μM in the oxaliplatin-resistant derived line HCT116Ox (resistant factor = 1.45). Oxaliplatin resistance associated with HCT116Ox has been linked to apoptosis regulator BAX expression resulting in an increase in gluthathione-S-transferase levels; this increase facilitates cellular detoxification and reduction in levels of Pt-DNA adducts as a consequence of an increase in DNA repair [35] . Again, the mechanism of action of [Ru(η 6 -p-cym)(CipA -H )Cl] must therefore differ from oxaliplatin given that it demonstrates low μM cytotoxicity in both the oxaliplatinsensitive and -resistant HCT116 cell lines. Given that [Ru(η 6 -pcym)(CipA -H )Cl] has been shown to be highly cytotoxic against these two resistant cell lines would therefore suggest that cellular processes such as reduced accumulation, increased efflux or enhanced DNA repair mechanisms, all of which have been implicated in the resistance associated with cisplatin and oxaliplatin, do not appear to affect the antiproliferative activity of [Ru(η 6 -p-cym)(CipA -H )Cl]. In order to further elucidate the mechanism of action of [Ru(η 6 -pcym)(CipA -H )Cl], we sought to investigate the involvement of oncogene p53 in its activity. Tumour suppressor p53, known as the guardian of the genome, is involved in facilitating DNA repair before DNA replication [36, 37] . Modifications in its expression before or after chemotherapy can lead to transcriptional activation of p21 and p73 which results in apoptosis. Most importantly, there is a close connection between cell cycle arrest and the expression of this tumour suppressor. This is particularly true in colorectal cancers in which p53 is found to be mutated in more than 50% of clinical cases and the status of p53 can influence directly the sensitivity to the Pt drugs, cisplatin and especially oxaliplatin. Inactive p53 oncogene has been linked to poor patient prognosis and treatment failure [38] . We therefore investigated the involvement of oncogene p53 in the activity of [Ru(η 6 -p-cym)(CipA -H )Cl] in the colorectal cell line HCT116 and compared it to that of oxaliplatin. For this we determined the anti-proliferative activity of tested compounds in a derived cell line which had the tumour suppressor p53 knocked out. Our data show that [Ru(η 6 -p-cym)(CipA -H )Cl] retains activity in the HCT116p53 mutated cell line with an IC 50 value of 6.2 ± 0.8 μM (resistance factor of 4.6) when compared to oxaliplatin (resistant factor N 25). This suggests that the status of p53 is not highly relevant for the anti-cancer activity of [Ru(η 6 -p-cym)(CipA -H )Cl] and that the mechanism of action of this novel drug may not involve the activation of this oncogene.
Flow cytometry
Based on the anti-proliferative activity results, further analysis of the cellular behaviour of [Ru(η 6 -p-cym)(CipA -H )Cl] was performed in the A549 lung cancer cell line, where it showed sub-μM potency. Its effect on the cell cycle profile of cells exposed to equipotent concentrations of [Ru(η 6 -p-cym)(CipA -H )Cl] equal to 1× and 2× the IC 50 values was investigated. The induction of apoptosis under similar conditions was also investigated. In both cases, the data for [Ru(η 6 -p-cym)(CipA -H )Cl] were compared to the results obtained when the same cell line was exposed to cisplatin at IC 50 concentrations.
Cell cycle profiles can be readily obtained by flow cytometry using propidium iodide staining, as it binds quantitatively to nuclear DNA of fixed cells. Fluorescence measured in the FL2 red channel can be related to the number of DNA copies present in the single cell suspension analysed, so populations in the G1, G2/M and S phases can be quantified. Two concentrations of [Ru(η 6 -p-cym)(CipA -H )Cl] were used and the populations in the three cell cycle phases to those of an untreated negative control and a cisplatin-exposed positive control were compared, Fig. 5 . As expected, the negative controls showed most of the population in a G1 phase (72.6%) with similar values for the S and G2/M phases (13.7 and 13.5% respectively). In comparison, cisplatin-exposed cells show a sharp increase in the S phase population (up to 29.5%) while the G1 decreases to 54% and the G2/M remains approximately stable at 14.8%. This clear S-phase arrest caused by the platinum-based drug is very well established in the literature and it is a consequence of a mechanism of action that involves coordinative binding to the double helix and subsequent structural modification of the cellular DNA [39, 40] . Cells treated with [Ru(η 6 -p-cym)(CipA -H )Cl] showed a statistically significant change in the population distribution, with the G1 phase reducing to 59 and 56% when exposed to 1× and 2× IC 50 concentrations, respectively, Fig. 5 and Supporting Information. In consequence, the S and G2/M phases increase. It is however not possible to establish if there is a significant arrest in any of these two particular phases as the population percentages in both remain approximately the same even at the highest concentration (21 and 20% for S and G2/M phases, respectively). It is also possible that the mechanism of action of [Ru(η 6 -pcym)(CipA -H )Cl] involves DNA interaction and a subsequent S phase arrest, as well as a disruption of the mitotic machinery which could lead to a G2/M arrest. Importantly, this S/G2/M arrest has also been observed previously in transitional bladder cell carcinoma (HTB9 cell line) treated with Cip, possibly due to modulation of key cell cycle regulatory genes and the downregulation of initial trigger for antigen-presenting cell activation in mitosis, Cyclin B/cdc2-kinase, which is also necessary for degradation of mitotic cyclins [41] . Apoptosis, programmed cell death, is a cellular process often involved in the anti-proliferative activity of metal-based complexes. Its induction after drug exposure can be followed by flow cytometry analysis using a combination of Annexin V and propidium iodide staining. Viable cells should exhibit low fluorescence when observed in a FL1-green and FL2-red dot plot, while early apoptotic cells should be located in a quadrant with high Annexin V and low propidium iodide fluorescence. In this case, cells have lost the symmetry of the phospholipid membrane and allow Annexin binding only. In late stages of apoptosis, the integrity of the membrane is lost and cells become permeant to the nuclear intercalator, which would locate them in a flow cytometry quadrant with high Annexin and high propidium iodide fluorescence. The last quadrant, which corresponds to low Annexin V but high propidium iodide fluorescence, shows non-viable cells.
Untreated controls used as comparison, as expected, showed the majority of the population in the quadrant with low fluorescence for both stains. Meanwhile cells exposed to cisplatin, used as a positive control, showed a statistically significant increase in the population of nonviable cells (high propidium iodide) and late apoptotic cells (high fluorescence reading in both channels), Fig. 6 and Supporting Information.
Cells exposed to [Ru(η 6 -p-cym)(CipA -H )Cl], in contrast, had a statistically relevant increase of cells in the three quadrants that have high fluorescence, particularly in those that have high readings for propidium iodide as a nuclear staining, Fig. 6 . At the highest concentration tested, the population of viable cells (low Annexin V, low propidium iodide) varied from 97 to 81% while the late apoptotic population (high Annexin V, high propidium iodide) increased from 0.4 to 6.5%. Interestingly, the population that showed only high propidium iodide fluorescence increased from 0.5 to 7%, Fig. 6 . These studies indicate that [Ru(η 6 -p-cym)(CipA -H )Cl] begins to induce apoptosis after 24 h of drug exposure, but most importantly that this may not be the only cell death process occurring. As mentioned before, the anti-cancer activity of Cip has been investigated against HTB9 bladder carcinoma cells. In this case, Cip induces significant apoptosis but only after 72 h of drug exposure. At this point there is proteolytic cleavage of poly (ADP-ribose) polymerase (proteins involved in a number of cellular processes including programmed cell death and DNA repair) and a significant alteration of the ratio between BAX and one of the proteins that regulates cell death, Bcl-2. At 24 h of drug exposure, it seems that BAX could be translocated into the mitochondria, but its concentration is not high enough to induce mitochondrial membrane potential changes and activation of the caspase cascade which will in turn result in apoptosis [41] . The slow induction of apoptosis observed does not rule out the involvement of parallel mechanisms of cell death, in fact, metalbased complexes are often multi-targeted and can have multiple mechanisms of action [42, 43] .
Cip has also been investigated for the treatment of pancreatic cancers. Here, the fluoroquinolone induces apoptosis after triggering both intrinsic and extrinsic pathways with activation of caspases 8, 9, and 3 (some of the cysteine proteases that play essential roles in apoptosis). It has even been suggested that pathways such as the extracellular signal-regulated kinase (ERK) pathway could be involved in its mechanism of action. Interestingly, it is also known that cisplatin induces apoptosis after activation of this pathway. Saini et al. studied the combination of Cip and cisplatin as a 48 h co-administration. They attributed the observed increase in the anti-proliferative activity to the double activation of ERK1/2 [44] . In light of the above, further studies will be required to understand more fully the mechanism of action of [Ru(η 6 -p-cym)(CipA -H )Cl].
Bactericidal activity
The bactericidal activity of Cip, CipA and [Ru(η 6 -p-cym)(CipA -H )Cl] is summarised in Table 4 . The Ru-cymene starting material, [Ru(η 6 -pcym)Cl 2 ] 2 , showed no activity against E. coli over the concentration . A fixed number of bacteria (1 × 10 5 CFU/mL) were exposed to the agent for 1 h and % killing was calculated compared to controls which were not exposed to the agent.
range tested (50-500 μM, data not shown). Cip and CipA demonstrated killing activity in the range 72.8-99.7% against antibiotic susceptible and ESBL-E. coli over the concentration range 50-500 μM.
[Ru(η 6 -pcym)(CipA -H )Cl] had moderate activity against both strains of E. coli which appeared dose dependent for ESBL-E. coli. The highest extent of killing by the complex was 49% and 52% for fully susceptible E. coli and ESBL-E. coli, respectively (at 500 μM; 1 h incubation). The reduced potency observed compared to CipA may reflect reduced uptake of the complex across the Gram-negative cell envelope or inefficient release of CipA from the complex when internalised. However, these data indicate that up to half of the potency of Cip is retained when complexed to Ru, at least under the conditions tested. The retention of this property when combined with its potent cytotoxic effects in three cancer cell lines is encouraging and can form the basis for further investigation of its anti-bacterial activity particularly in the context of cancer. Such studies might involve particularly antibiotic-resistant strains that are clinically significant in the context of cancer and cause healthcareassociated infections in the immunocompromised including central venous or peripheral line infections. It should be noted however that the concentrations of [Ru(η 6 -p-cym)(CipA -H )Cl] at which in vitro bactericidal activity was observed are an order of magnitude greater than the concentration range at which anti-proliferative activity was found. Further investigation of the bactericidal activity under assay conditions that more closely mimic the in vivo environment of infection, may reduce this differential.
Conclusion
A half-sandwich, 'piano-stool' organo-ruthenium(II) arene complex [Ru(η 6 -p-cym)(CipA -H )Cl] which incorporates 7-(4-(decanoyl)piperazin-1-yl)-ciprofloxacin as an O,O′-chelated ligand has been synthesised, and the x-ray crystal structures of both the complex and the ciprofloxacin analogue have been determined. The complex is highly cytotoxic in the low μM range and is as potent as the clinical drug cisplatin against the human cancer cell lines A2780, A549, HCT116, and PC3 of ovarian, lung, colon and prostate origin, as well as cisplatin-and oxaliplatin-resistant cell lines suggesting a different mechanism of action. The complex also retained low μM cytotoxicity against the human colon cancer cell line HCT116p53 in which the tumour suppressor p53 had been knocked out, suggesting that the potent anti-proliferative properties associated with this complex are independent of the status of p53 (in contrast to cisplatin). The complex also retained moderate and dose-dependent anti-bacterial activity in both E. coli, one of which was a clinical isolate resistant to first, second and third generation β-lactam antibiotics. In conclusion, we have successfully employed a multi-functional approach to combine into one drug molecule the anti-cancer properties of Ru(II)-arene derivatives with the anti-cancer and anti-bacterial properties of CipA.
